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ABSTRACT

The goal of this study was to determine the composition and diversity of
microorganisms associated with bioaerosols in a heavily trafficked metropolitan subway
environment. We collected bioaerosols by fluid impingement on several New York City
subway platforms and associated sites in three sampling sessions over a 1% year
period. The types and quantities of aerosolized microorganisms were determined by
culture-independent phylogenetic analysis of small-subunit ribosomal RNA gene
sequences, using both Sanger (universal) and pyrosequencing (bacterial) technologies.
Overall the subway bacterial composition was relatively simple; only 26 taxonomic
families made up ~75% of sequences determined. The microbiology was more or less
similar throughout the system and with time, and most similar to outdoor air, consistent
with highly efficient air mixing in the system. Identifiable bacterial sequences indicated
that the subway aerosol assemblage was composed of a mix of genera and species
characteristic of soil, environmental water, and human skin commensal bacteria.
Eukaryotic diversity was mainly fungal, dominated by organisms of types associated
with wood rot. Human skin bacterial species (at 99% rRNA sequence identity) included
the Staphylococcus spp. S. epidermidis (the most abundant and prevalent commensal
of the human integument), S. hominus, S. cohnii, S. caprae and S. haemoliticus, all
well-documented human commensal bacteria. We encountered no organisms of public
health concern. This study is the most extensive culture-independent survey of subway
microbiota so far and puts in place pre-event information required for any bioterror
surveillance activities or monitoring of the microbiological impact of recent subway

flooding events.
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Introduction

The microbiological quality of the air we encounter daily, and depend upon
absolutely, is a significant yet little-addressed societal concern. Regulatory focus on air
quality has been on chemical and particulate materials, which are readily measured.
However, there is comparably little knowledge of the nature of the aerosolized
microorganisms and microbial products that occur in different public settings and to
which the public is exposed daily. Because many public places concentrate large
numbers of humans and therefore may be key locales for transmission of natural
pathogens or deliberately released agents, understanding the microbial ecology of
bioaerosols in public settings is critical for public health, occupational health, and
biodefense. For instance, prior knowledge of composition, sources, and temporal and
spatial dynamics of bioaerosol microbes is essential for tracking pathogen dispersal in

public settings.

One public arena through which large numbers of people pass daily is the
municipal subway system. Subway facilities have been established by major
metropolitan areas throughout the world. New York City (NYC) subways, for instance,
had a ridership of 1.6 billion in 2011 (1). The huge number of people exposed to the
subway environment underscores the importance of developing some understanding of

the microbiological air quality of subway platforms.

The results of previous studies emphasize that airborne particulate materials in
subways are different from what is found on city streets or in other indoor environments.
This is particularly due to aerosolized metallic dust, which most likely is generated by
the action of iron train wheels on tracks (2)(3)(4)(5)(6)(7). Chillrud and colleagues have
examined the effects of NYC subway exposure on children (8) and subway workers
(9)(10), and saw no health effects. Birenzvinge et al. showed that the load of particulate
matter in the air on the subway platforms was correlated to the frequency of train traffic

(11). The unusual particulate quality of the subway environment may indicate also that
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the microbial contents of subway aerosols differ from those detected in other indoor or

outdoor environments.

Thus far, studies of aerosol microbiology in the subway environment have
focused primarily on culture-dependent techniques, most notably viable counts of
bacteria and fungi, sometimes with biochemical or molecular identification of cultivars
(3)(12)(13)(14)(15). However, studies that focus on colony forming units likely identify
only a small fraction of actual microbial contents because most environmental microbes
are not cultured using standard techniques (16). Consequently, there is little general

perspective on the nature of microorganisms that might be encountered in subway air.

In order to gain some overview of the nature of the microbial load of a subway
system independently of culture, we examined the contents of aerosols collected on
several New York City subway platforms and associated sites (terminal, park and
unused platform) during three sampling sessions over a 1 % year period. The
compositions of aerosolized microbial loads were determined by culture-independent
phylogenetic analysis of small-subunit rRNA gene sequences, using both Sanger and
454 sequencing technologies. The longer Sanger sequences provide for more accurate
phylogenetic identification, whereas pyrosequences provide more comprehensive

sampling of aerosol microbiology.

Materials and Methods

Air sampler setup, cleaning and blanks.

Air was sampled with a custom-modified Omni 3000 fluid impinger (Innovaprep
LLC, Drexel, MO), modified to minimize tubing and allow full removal of tubing for
cleaning and sterilization. Omni particle capture efficiency ranges from 40% for 0.5 pm
particles to >90% for >3 um particles (17) The device was chosen because of its
relatively high capture rate of bacteria-sized particles, high volume of air passage (250-
300 I/min in this study) to minimize sampling time, and relatively quiet function, to

minimize conspicuity during this public sampling campaign.
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Empty sampling cartridges were sterilized by irradiation in a UV Stratalinker 1800
(Stratagene, La Jolla, CA), then molded shut with chloroform. Cartridges were filled
with a filter-sterilized impinging solution, which consisted of phosphate buffered saline
(PBS; 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCI, pH 7.4) and 0.005% Tween in
diethylpyrocarbonate (DEPC) treated water. Blank cartridges were prepared at the
same time as the sample cartridges, carried during sampling, and processed in the
same manner as the air samples. None of the cartridge blanks produced amplifiable
DNA. The average air-sampling rate was ~300 I/min. During sampling, liquid volume lost
to evaporation was replaced with DEPC-treated water. The air sampler was cleaned
between stations by replacing all of the tubing with sterile tubing and cleaning the
contactor and ports with DEPC-treated water and alcohol (isopropanol wipe then
washed with 70% ethanol) and air-dried. Cleaning blank samples were taken by filling
the sampler (contactor and tubing) with 5 mL DEPC-treated water, which was allowed to
sit in the sampler for 5 minutes and then extracted by sterile syringe from the sampling
port. The cleaning blanks were filtered and extracted in the same fashion as the air

samples; none of the blanks produced amplifiable DNA.

DAPI Counts.

Aliquots of sample fluid were adjusted immediately following sampling to 4%
formaldehyde for direct cell counts, and held and shipped overnight on wet ice to the
laboratory. Aerosolized iron in most subway air samples interfered with microscopic
counts and was removed before counting: samples were vortexed gently for 30s, then
placed against a magnetic rack for ~1 min. Sample fluids were carefully removed with a
pipette and a known volume filtered through a 0.2 micron black polycarbonate filter.
The filter was placed on a slide, flooded with 10 ug/ml diamino-2-phenylindole (DAPI)
for 5-10 minutes, washed with two, 2-min washes of 10 mM Tris-Cl, 1 mM EDTA, pH7.4

(TE) and slides were counted at 400x.

DNA Extraction, Amplification, and Sequencing (Sanger and 454).
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Most (~85%) of the sample fluid from each collection was filtered through 0.2 ym
polycarbonate filters (Millipore Isopore, Billerica, MA) ), which then were placed in sterile
microcentrifuge tubes, immediately frozen in liquid nitrogen and shipped frozen to the

laboratory, where they were stored at -80°C until processed.

Samples were processed to remove particulate iron before DNA extraction by
dissolving the filter in phenol, chloroform, and Buffer B (200 mM NaCl, 200 mM Tris-Cl
pH 8.0, 20 mM EDTA, 5% SDS) while vortex mixing. Samples were centrifuged at 100
x g for 2 minutes and then placed against a strong magnet. All liquids were removed to
a new sterile tube, leaving the magnetic iron behind. This was repeated and the sample
was then placed in a tube with zirconium beads for DNA extraction by bead beating with

two volumes of buffer-saturated phenol and ethanol precipitation of nucleic acids.

Extracted genomic DNA was amplified for cloning by PCR with the (nominally)
universal small subunit rRNA gene primers 515F and 1391R (18). PCR reactions were
conducted at 94 °C for 2 min, followed by 30 cycles at 94 °C for 20 s, 52 °C for 20 s,
and 65 °C for 1.5 min, followed by a 65 °C elongation step for 10 min. Each 50-uL
reaction contained 10 yL Eppendorf 2.5x HotMasterMix (Eppendorf, New York, NY), 10
uL water, 0.05% BSA (Sigma-Aldrich, St. Louis, MO), 100 ng of each oligonucleotide
primer, and 1-5 ng of DNA template. Triplicate PCR reactions were conducted for each
sample and pooled before purification with the Montage gel purification system
(Millipore). In some (9/27) gel purifications of PCR products 16S and 18S bands were
processed and analyzed separately. For most of the universal libraries, the mixture of
the two was processed. Some samples were not effective as templates and were not
analyzed further. PCR-amplified rRNA genes were cloned with Topo-TA according to
manufacturer's instructions (Life Technologies, Carlsbad, CA) and Sanger sequencing
was conducted on an Amersham MegaBACE 1000 capillary sequencer following the

manufacturer’s protocols.

DNA samples also were analyzed by pyrosequencing on a Roche 454 GS-FLX

platform. DNAs were amplified in three independent reactions using barcoded primers
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(27F-338R) (19). Negative PCR controls for each primer were assayed in parallel and
did not exhibit bands in agarose gels. The three independent reactions were pooled
and amplicons were confirmed by agarose gel electrophoresis. DNA contents of pools
were normalized using the SequalPrep Normalization plate (Life Technologies), and
equal amounts mixed to construct the amplicon pool (20). The amplicon pool was
concentrated by evaporation, size selected by electrophoresis on a 1.5% agarose gel
(Tris-acetate EDTA buffer) and gel purified by Montage kit (Millipore) prior to
sequencing. Pyrosequencing was conducted per manufacturers protocols using Roche

454 titanium chemistry.

Sequence Analysis.

Sanger sequences were quality filtered and assembled with XplorSeq (21). Raw
pyrosequences were quality filtered and sorted into their respective barcoded libraries
with BARTAB (22). Filtering for both Sanger and pyrosequence data removed
nucleotides with mean Q < 20 at 5 and 3’ ends and over a 10 nt window; sequences
with >1 ambiguous base were discarded; and all sequences of length < 200 nt were
discarded. Infernal (23) and ChimeraSlayer (24) were used to screen bacterial
sequences as described previously (25). Taxonomic classification of all sequences was
done with the classifier functionality of standalone SINA using the Silva108 non-
redundant database as reference (376,437 sequences which are the 99% cluster
representatives of Silva108, (26)). Ecological statistics (such as Species Observed
(27)), pie charts, and heatmaps were prepared with the Explicet software package (CER
manuscript in preparation. Software available upon request to author.) Sanger
sequences have been deposited in GenBank under the accession numbers JX394222-
JX397762 and pyrosequences have been deposited in the Short Read Archive with
accession number SRA055336 (BioProject Accession number PRINA169671).

Determination of potential sources of DNA was done by BLAST analysis of all
pyrosequences against three separate databases composed of long sequences
(=1200nt) associated with the Human Skin Microbiome study (28), sequences in Silva

108 whose isolation source metadata tag contained the word “soil”, and sequences in
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Silva 108 whose isolation source metadata tag contained the word “water”. To be
considered a BLAST database match, pyrosequences were required to have a
minimum of 95% overlap with the BLAST database hit sequence, a minimum bit score
of 50 and either 95% or 99% identity with the respective BLAST database hit sequence.
We did not use tools that compare fingerprints of ecosystems with bioaerosol samples

because air is an assemblage, not a specific microbiome.
Results

The microbiological contents of nominally similar environmental samples tend to
vary site-to-site and over time. Variation is particularly expected in the subway setting,
a scattered collection of potentially more or less sequestered spaces connected by
kilometers of track tunnels. In order to explore both spatial and temporal aspects of the
microbiology of the NYC subway system, we collected air samples at seven subway
stations (specified in figures and located as shown in Figure S1) and three adjacent
sites in lower Manhattan over a 1 % year period (2007-2008). Two, 5-6 m® samples
were collected at each subway station for each sampling timepoint, one from each end
of the platform, using a metered, high-volume fluid impinger. The impinger was
modified so that all internal surfaces could be exposed for cleaning or disposal following

their use (Materials and Methods).

Sampling parameters and other metadata are summarized in Table S1.
Microbial cell counts (Materials and Methods) of typically 1-4x10* cells/m® were
observed throughout the system (average, 2.2x10* cells/m®, Table S1). These directly
counted microbial loads were typical of outdoor air samples taken at the same time and
at the low end of loads typically encountered in indoor environments such as occupied
buildings (10%-10° cells/m®) (29)(30)(31). On the other hand, direct counts of
aerosolized subway bacteria are much higher, ~100-fold higher, than colony-forming
counts encountered in subway environments, which are typically several hundred

CFU/m? in different subway systems (14)(15)(13). We see no clear patterns of variation
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in cell counts by season, station or extent of local traffic (light vs. heavy, Table S1) in

this sampling.

The phylogenetic distribution of aerosolized microbes in each specimen was
determined by analysis of small-subunit (SSU) rRNA gene sequences. Total nucleic
acids were extracted from impinger fluids using a bead-beating protocol and processed
for Sanger or for pyrosequence analysis (Materials and Methods). Clone libraries for
Sanger sequencing were constructed from PCR products obtained using the (nominally)
universal primer set 515F-1391R; pyrosequencing libraries were developed using
bacteria-specific barcoded primers targeting the V1-V2 region of the small subunit rRNA
gene. The longer Sanger sequences (700-800 nt in this case) provide for relatively
accurate phylogenetic assignments and a three-domain census. The more numerous,
but shorter (~200 nt) pyrosequences provide a broader census assessment of bacteria.
Overall 3,541 Sanger sequences and 60,707 pyrosequences were determined and

deposited in GenBank.

Phylum-level diversity of bioaerosols

The phylum-level diversities encountered among Sanger (universal) and
pyrosequences (bacteria-only) were similar throughout the examined subway sites and
similar to outdoor air samples (Union Square Park, as summarized in Figure 1.
Qualitatively similar subway and outdoor bacterial diversity was found in the Sanger (Fig.
1A and 1B) and pyrosequence analyses (Fig. 1C and 1D), although there was some
quantitative variation. Few of the sequences (<1%) were identical to sequences in the
databases, but many were related to database sequences at the genus or even species
taxonomic levels (below). Based on the results from PCR amplification with universal
primers, bacterial (65%) and fungal (34%) sequences dominated the overall subway
rRNA assemblage (Fig. 1B). Archaeal sequences, consisting of a few crenarchaeotes
and methanogens with no specific known relatives, were rarely encountered (<1% of
total). Collectively the main bacterial sequence diversity observed in the subway
environment was remarkably simple, mainly comprising only four of the ~100 known

bacterial phyla: Actinobacteria, Firmicutes, Bacteroidetes and Proteobacteria, with only
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minor contribution from other phyla. Only a few sequences fell into candidate phyla
(OP10 and TM7) with no cultured representation. A full abundance-ranked list of

bacterial taxa detected in the study is compiled as Table S2.

Although simple at the phylum level, the diversity of subway air samples was
more complex at lower taxonomic levels. Comparison of taxon collectors curves (Fig. 2)
generated from pyrosequence and Sanger datasets indicates that the Sanger sequence
set, at 700-800 nucleotides in length, substantially under-samples the microbial diversity
relative to the pyrosequencing data set (~200 nucleotide length), although the most
abundant sequences are expected to occur in the Sanger data set (32). However, even
the pyrosequencing dataset did not exhaustively sample the microbes present in the
system as a whole, as indicated by the continuous increase in observed taxa (Sobs)
with ongoing sampling of sequences (Fig. 2). This is a common theme in environmental
sequence surveys; the pool of rare sequences, the “rare biosphere,” is always extensive
(33). Nonetheless, pyrosequencing was sufficiently extensive to cover the majority of
the microbial diversity encountered. Consequently, we focus on the pyrosequences for

site-to-site statistical comparisons.

Bacterial Diversity

Despite the considerable diversity of rRNA sequences encountered in subway air
samples, only 26 family-level taxa comprised most (~75%) of the sequence types
observed; their distributions in the different stations, abundance-ranked by heat map,
are shown in Figure 3. (Table S1 lists all taxa encountered to 0.01% of total.) At this
taxonomic level of analysis, the makeup of the subway microbiology was generally
similar to that observed outdoors (Union Square Park) in an area with considerable
human ftraffic. Most of the abundant taxa occurred throughout the sample set at
consistently higher levels than other taxa, but the distributions of the abundant taxa
varied between different subway stations and times of sampling. For instance,
taxonomic families that were particularly abundant in one or more samples occurred in

other samples as well, but in lesser relative abundance (Fig. 3).

10
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We explored potential correlations in the distributions of the bacterial diversity
between different subway sites using standard ecological beta-diversity indices (i.e.,
Morisita-Horn and UniFrac), but identified few associations. As shown in Figure 4, a
Morisita-Horn analysis of similarities between the compositions of the different samples,
microbiotas tended to be similar in general (M-H index 0.6-0.8; identical communities
would have an index = 1.0). The Morisita-Horn analysis does indicate a few pairs of
stations with exceptionally high similarities (M-H index >0.9), which in some instances
can be rationalized by proximity. However, potential correlations such as station

proximity tend to be inconsistent in subsequent samplings.

A few samples in Figure 4 also are exceptionally different from the others. These
can be explained largely by idiosyncratic abundances of particular phyla. For instance,
dissimilarity between the GC456:1:2008-08 and other samples (Fig. 4; M-H index <0.3)
was driven by an unusual abundance of Enterobacteriaceae sequences (Fig. 4);
dissimilarity of the BowlingGreen:1: 2008-08 sample from others resulted from
idiosyncratic abundances of Microbacteriaceae, Nocardioidaceae and 480-2 (an
environmental actinobacterial sequence clade with no named representative) in that
sample (Fig. 3). Moreover, the somewhat unusual microbial compositions observed for
the GC456:2:2008-08 and BowlingGreen:1:2008-08 samples was not reproduced with
samples taken at the same sites but a year or more earlier (GC456:March2007, Bowling
Green:August2007), when the microbiology of those sites was generally similar to that
of other stations sampled. In general, however, any apparent correlations have no
particular and consistent explanations in terms of the sites or timepoints sampled.
Samples taken at the same sites months or a year apart usually had no specific
relationships; even samples taken on the same dates at opposite ends of particular
platforms (e.g. TimesSquare:1:2007 and TimesSquare:2:2007, and GC456:1:2008-08
and GC456:2:2008-08) were no more correlated with each other than with other
samples (M-H <0.9).

Sources of Bacterial Diversity

11
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At low taxonomic levels, genera and species, the sequence diversity seen
throughout the subway system was complex. However, most of the sequences fall into
taxonomic groups that also contain described and named species (Fig. 3): respectively,
65% and 70% of pyrosequences and Sanger sequences were classifiable to the genus
level. This is an unusually detailed taxonomic result with environmental samples, which
typically yield many sequence types not in reference databases (34). The result
indicates that the diversity we detected generally belongs to a relatively intensively
documented portion of the bacterial SSU rRNA tree. Many of the sequences
determined were nearly identical to rRNA gene sequences of named species and, in
some cases, the nature of those species points to the sources of the microbiology

encountered in the system.

In order to gain some further perspective on the sources of the sequences, we
used BLAST analysis to compare the subway sequences to those of databases
representing other environments. As general reference environments, we considered
human skin, soil, and water (Materials and Methods). Figure 5A shows comparisons of
the subway dataset with those environmental datasets at 95% sequence overlap and
two levels: 95% sequence identity, approximately the genus-level; and 99% identity, a
stringent species-level relationship. The results of the comparisons establish the
general propensity of identifiable sequences to sort with both environmental (soil and
water) and human skin microbiota, as indicated. Approximately 20% of identifiable
species are associated with human skin. Additional detail is provided in Figure 5B,
which indicates that sequences of identifiable human skin microbiota in the subway
station air seem derived mainly from the foot, hands, arms, and head. Details of body

site representation for the different stations are given in Supplementary Figure S2.

One conspicuous example of putative human skin microbes in subway aerosols
is the most abundant taxonomic family throughout the system (Fig. 3), the
Staphylococcaceae. Overall, 85% of the sequences representing Staphylococcaceae
were members of the genus Staphylococcus in the Silva 108 database. Most of the

observed Staphylococcus spp. sequences were not affiliated with named species, but

12
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rather represented a broad phylogenetic distribution within the genus. However, 475 of
the ~3000 Staphylococcus spp. sequences were identified (99% sequence identity) with
5 well-studied species: S. epidermidis (the most abundant by ~4-fold and the most
abundant and prevalent commensal on the human integument), S. hominis, S. cohnii, S.
caprae and S. haemoliticus. These are all well documented human commensal
bacteria, associated mainly with skin. Staphylococcus spp. were particularly abundant in
areas of human habitation, for instance Grand Central Station mezzanine
(GCMez:1:2007-08) and Times Square stations (Fig. 3). Similar human-related
microbiological signatures also were represented in other of the family groups cited in
Figure 3. The Micrococcaceae sequence collection, for instance, includes Kocuria spp.,

Micrococcus spp. and others known as human skin microbiota.

Of course, many organisms related to known environmental microbes also were
identifiable: for instance ~20% of the Micrococcaceae sequences correspond to those of
Arthrobacter spp., which are related to common soil organisms. The Moraxellaceae
sequences, as further example, include many Acinetobacter spp. and Psychrobacter
spp. sequences related to known soil and water microbes. Overall, as summarized in
Figure 5A, the bacterial diversity of the subway system aerosol that can be identified as
to source was comprised mainly of soil and water microbes with a significant overlay of
human skin microorganisms. No pathogens beyond those associated with human

commensal organisms were observed.

Eukaryotic diversity

The Sanger sequences based on universal primers provide the only perspective
on aerosolized eukaryotic diversity detected in the study. Nearly all (96%) of the
eukaryotic sequences corresponded to diverse fungi. The few eukaryotic rRNA
sequences beyond fungal sequences included insect, plant, rodent, and a few protist
sequences. Fungal sequences comprised ~35% and 40% of Sanger sequences of
subway and outdoor rRNA genes, respectively (Fig. 2). These relatively high
abundances of fungal rRNA genes compared to bacterial genes cannot be taken as

cellular (or spore) frequencies relative to bacteria, however, due to the common

13
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occurrence of large numbers of rRNA genes per genome in fungi, typically 100 or more
(35)(36). In contrast, bacteria are expected to have only a few rRNA genes (37).
Consequently, the abundance of fungi relative to bacteria in cell numbers probably is
overestimated in these sequence sets by 10-100 fold. A low frequency of fungus spores

observed in direct counts was consistent with that expectation.

The taxonomic breakdown of the fungal sequences detected was complex and,
as with bacterial sequences, few sequences corresponded exactly to a named organism
(Fig. 6). All, however, fall into more or less well-described groups including mushrooms
(e.g. representatives of Agaricomycetes), mildews (e.g. members of Eurotiales),
saprophytes and plant pathogens (e.g. Capnodiales), yeasts (e.g. Saccharomycetales)
and wood-rotting fungi (most taxa listed in Fig.6). No sequences of known human
pathogens were present in the datasets. Although most fungal sequences were
comparable between outside and subway samples, approximately 20% of the fungal
sequences in the subway samples had no counterparts in the outside libraries (Fig. 6).
Wood rot fungi were common among all the sequences detected, so the increased
fungal diversity among the subway samples likely is due to the presence of wooden

track structure throughout the system.

Discussion

The subway environment, underground and away from light, might seem remote
from our usual environment and potentially occupied by distinct or novel kinds of
microorganisms. Rather than unusual however, our survey finds that the microbiota
encountered in the NYC subway is fairly mundane, essentially a mix of outdoor air with
an overlay of human-associated microorganisms typical of the skin. No significant
evidence of pathogens or other organisms of concern was obtained, beyond what might
be encountered in any human-occupied indoor setting. Thus, this survey provides the
pre-event information necessary for surveillance activities for pathogens that might

occur or be introduced into the system. The results also provide pre-event information

14
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necessary for interpretation of the microbiological consequences of the recent flooding

of the NYC subway system during Hurricane Sandy in 2012.

Although subways might be considered confined environments, the similarity of
subway air microbiota to that of outside air suggests that the subway air significantly
equilibrates with outside air on relatively short timescales. There is little or no local air
conditioning in the NYC subway. Instead, air movement in the system is driven by
passive train-pumping, with air taken in and exhausted through street-level ports, the
NYC sidewalk grillwork. The general uniformity of microbial assemblages throughout
the system indicates good air mixing, a testimony to the efficiency of the train-pumping

process.

We have no information as to the viability of any of the organisms detected by
gene sequences. Indeed, direct cell counts as reported here are ~100-fold higher than
reported for colony-forming units in other studies of subway aerosols (14), certainly
indicating that most of what we identify is not cultured using standard methods. It is
possible, perhaps likely, that many or most aerosolized organisms are non-viable
because uncontrolled desiccation of bacteria can be lethal (38)(15)(13). Although
bacterial and fungal spores are long-lived in desiccated or partially desiccated
conditions, in the case of bacteria we see little evidence for the specific selection of
phylotypes known for spore formation. For instance, rRNA sequences representative of
the spore-forming Bacillaceae family, common soil constituents, are only a minor
constituent of the subway assemblage (~11% of total bacteria, Fig. 3). We did not
detect any potential bioterror agents, such as the spore-forming organism Bacillus
anthracis. On the other hand, health-related concerns are not restricted to virulent
microbes, since allergic and hypersensitive responses to bacteria and fungi do not

require viable organisms.
No standing-crop aerosol microorganisms are known, so the microbes detected

in this survey are not expected to be a “community” of interacting organisms. Rather,

we consider the aerosol microbiota as an assemblage of microbes derived from

15
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microenvironment-associated communities the air has contacted. Although most of the
microbiology is of unknown origins beyond vague descriptions such as “soil” or “water,”
the human skin is likely to be a significant microenvironmental source of identifiable
aerosolized microbes. This identification is possible because the microbial diversity
associated with skin has been characterized intensively by culture and molecularly, and
the rRNA sequence database of named skin microbes is large (28). Consequently, we
are able to use a stringent criterion, 99% sequence identity, for speciation of subway
microbes based on sequence. (Most environmental studies use a more relaxed 97%-
identity rRNA sequence bin for species-level taxonomic calls, which incorporates a
much more diverse collection of organisms than our conservative estimate.) The 99%
identity of rRNA gene sequences of many subway microbes with the corresponding
sequences of specific human skin commensal microbes is strong evidence for our
conclusion that a significant component of subway aerosol microbiology is human-
derived. This is not surprising; much of the microbiology of human-occupied indoor

environments has long been identified with human skin microbiology (39)(15)(40).

Overall, approximately 5% of subway aerosol sequences correspond specifically
to human skin bacterial sequences (Fig. 5). Although our sampling campaign focused
on occupied stations, similar results were seen with aerosols collected at an unused
station (CityHall, Fig. 3). This indicates that human-associated microorganisms are
dispersed throughout the system. This perhaps is surprising considering the large
spatial volume of hundreds of kilometers of subway, even in the face of the
considerable human traffic. Although shedding of skin flakes carrying microbes is often
invoked as sources of human skin microbes, we suggest that convection driven by
body-temperature may also be a major factor. That is, we humans all have body
temperatures of ~37°C, but when exposed to ambient air we are surrounded by a lower
temperature, typically ~20°C. Thus, we all continuously and actively emit a convective

plume of warm air — carrying our skin microbiology selectively (41).

Each sampling event and DNA library analysis was conducted only once, so we

acknowledge that any specific variation in microbial contents between the samples
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might result from statistical flux or intrinsic sampling variation. Nonetheless, although
each of the samples is a unique snapshot, the census results are broadly consistent in
most samples and they collectively identify the microbiology likely to be encountered in
the NYC subway system. We see no consistent evidence for local pockets of specific
diversity. Rather, the diversity observed at different sites seems to reflect random

draws on a complex assemblage distributed throughout the system.

The development of “next-generation” sequencing technology has dramatically
changed the depth to which we can explore the natural microbial world and the results
have provided entirely new perspective on environmental microbial diversity. Early
molecular studies of natural microbial diversity tended to be limited by technology and
cost to a few hundred sequences, and described only a limited extent of environmental
diversity; now far deeper coverage is readily achieved. Sequence surveys such as the
current one and many others have revealed that environmental microbiotas consist not
simply of collections of specific microbes, “species,” but rather complex collections of
more or less closely related phylotypes, with little real demarcation between formal
taxonomic grades such as genera and species. The results of high-volume sequencing
of environmental microbiotas also begin to capture sequences that occur only rarely, a
“rare biosphere” that sometimes contains far more phylogenetic diversity than spanned
by sequences of the more abundant organisms in the particular sampling (39). For
instance, in the current study only four bacterial phyla were the major contributors to the
subway aerosol microbiology. However, inclusion of more rare sequences expands the
detection to ~12 phyla (Table S2). Although not abundant, these rare sequences
potentially represent significant environmental diversity and contribution to the local

pangenome pool.
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652 Figure Legends

653

654 Figure 1. Phylum-level distribution of aerosolized microbiota observed at NYC
655 subway stations and Union Square Park (outside).

656

657 The percent abundance is shown for phyla observed among the Sanger and the

658  pyrosequence sequences extracted from impinged air sampled at Union Square Park, a
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proxy for outdoor air (2A, 2C), and eight subway stations 2C, 2D). 2A, 2B: Sanger data

(bacteria, archaea, and eucarya). 2C, 2D: Pyrosequence data (bacteria only).

Figure 2. Comparison of species observed (Sobs) for Sanger and Pyrosequence

datasets.

Collectors curves of taxonomic classifications seen with sequence sample size. Sanger

sequence values are in black. Pyrosequence values are in red.

Figure 3. Abundance of bacterial family-level aerosol taxa in NYC subway

stations and Union Square Park (outside).

Family-level taxonomic categories greater than or equal to 1% abundance in the
particular sample are shown ranked in abundance from top to bottom. The sample
naming convention is: station name, followed by the station sample number (samples
taken at both ends of platforms), followed by the date the sample was obtained.
Complete taxonomic classifications are available in Table S1. The percent of each
category is indicated by the number shown over the colored squares of the heatmap.
Numbers do not add to 100% due to rounding.

Abbreviations used:

GC: Grand Central Station (456 and 7 Train platforms indicated)

GCMezz: Grand Central Station Mezzanine

Union14: Union Square and 14th Street Station

UnionSgPark: Union Square Park (proxy for out-of-doors).

Figure 4. Morisita-Horn diversity comparison of aerosol taxa in NYC subway

stations and Union Square Park (outside).
Family level taxonomic classifications of pyrosequence data were used to compute the

Morisita-Horn beta diversity index for all sample pairs. Sample pairs with most overlap

in all taxonomic categories are shown as red squares, while sample-pairs with least
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overlap are shown as white squares. Columns are oriented from most similar (top) to
least similar to other sites.

Abbreviations used:

GC: Grand Central Station (456 and 7 Train platforms indicated)

GCMezz: Grand Central Station Mezzanine

Union14: Union Square Park and 14th Street Station

UnionSqPark: Union Square Park (proxy for out-doors).

Figure 5. Comparison of aerosol DNA sequences from NYC subway and Union

Square Park with DNA sequences obtained from human skin, water, and soil.

5A: Bacterial pyrosequence data were compared by BLAST to databases containing
sequences from the Human Skin Microbiome (HSM) (28) and sequences obtained from
ribosomal sequence database Silva 108 with source indicated as either soil or water. A
match between aerosol sequence and reference was identified whenever the
pyrosequence matched a database sequence with at least 95% overlap and by at least
(columns in figure) 95% identity (genus-species level relationship) or at least 99%
identity (close species relationship). Sequence matches were sorted into eight (non-
mutually exclusive) categories: those that did not match any of the three databases
went into “none”, those sequences that matched both human skin and soil sequences

were assigned to “Skin, Soil”, etc.

5B. Potential human skin sources of aerosol DNA sequences from NYC subway
stations were estimated by comparison of pyrosequence data by BLAST to a set of
Human Skin Microbiome databases created by random resampling of skin sites to the
size of the smallest skin site sequence set (~3,800 sequences/site). A match between
pyrosequence and skin site sequence was called when the pyrosequence had at least
95% overlap with the site sequence and 99% identity. The percent of these high
stringency matches are shown as a spectrum from red (> 25% of pyrosequences
match) to white (0% matches). Skin sites are defined by metadata in HSM GenBank

deposited sequences. The percent of skin-related sequences in each category is
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indicated by the number imposed on the colored squares. Numbers do not add to

100% due to rounding.

Figure 6. Comparison of aerosolized fungal DNA sequences from NYC subway

stations and Union Square Park.

Subway data were pooled by averaging the percent abundances of fungal sequences
for each taxonomic category shown. The percent of each category is indicated by the

number imposed on the colored squares. Numbers do not add to 100% due to rounding.

Figure S1. Schematic of sample sites in and associated with the NYC subway

system.

Figure S2: Human skin sites of aerosol DNA sequences from NYC subway

stations.

Skin sites were estimated by comparison of pyrosequence data by BLAST to a
set of Human Skin Microbiome databases created by random resampling of skin sites to
the size of the smallest skin site sequence set (~3,800 sequences/site). A match
between pyrosequence and skin site sequence was called when the pyrosequence had
at least 95% overlap with the site sequence and 99% identity. The percent of these
high stringency matches in the different station samples are shown as a spectrum from
red (> 25% of pyrosequences match in the sample) to white (0% matches). Skin sites
are defined by metadata in HSM GenBank deposited sequences. The percent of each
category is indicated by the number imposed on the colored squares. Numbers do not
add to 100% due to rounding.

Table S1: Metadata associated with samples.

Table S2: Family-level taxonomic categories greater than or equal to 0.01%

abundance overall shown ranked in abundance from top to bottom. The sample
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